Sub-millimeter spectra recorded by the MIRO sounder aboard the Rosetta spacecraft have been used at the time of an Earth flyby (November 2007) to check the consistency and validity of the instrumental data. High-resolution spectroscopic data were recorded in 8 channels in the vicinity of the strong water line at 557 GHz, and in a broad band continuum channel at 570 GHz. An atmospheric radiative transfer code (ARTS) and standard terrestrial atmospheres have been used to simulate the expected observational results. Differences with the MIRO spectra suggest an anomaly in the behavior of four spectroscopic channels. Further technical investigations have shown that a large part of the anomalies are associated with an instability of one of the amplifiers. The quality of the MIRO data has been further tested by inverting the spectra with an atmospheric inversion tool (Qpack) in order to derive a mesospheric temperature profile. The retrieved profile is in good agreement with the one inferred from the Earth Observing System Microwave Limb Sounder (EOS-MLS). This work illustrates the interest of validating instruments aboard planetary or cometary spacecraft by using data acquired during Earth flybys.
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Introduction
The Rosetta spacecraft was launched by the European Space Agency on 2 March 2004, with the purpose of encountering a distant comet, orbiting it and monitoring its activity along the comet's orbit as it approaches the Sun. The Rosetta spacecraft will encounter comet 64/P Churyumov Gerasimenko early 2014, will deliver a landing module in November 2014, and monitor the evolution of its activity until perihelion in August 2015. Within the scientific payload, the Microwave Instrument for the Rosetta Orbiter (MIRO) consists of a 30-cm parabolic antenna equipped with two heterodyne receivers operating in the vicinity of two strong water vapor transitions, at 183 GHz and at 557 GHz. In addition, two broadband channels operate around 562 and 190 GHz. The sub-millimeter receiver includes a high-resolution spectrometer tuned to measure four cometary gases (H 16 2 O, CO, NH 3 , and CH 3 OH) and two water isotopes (H 17 2 O and H 18 2 O). These data will be used to measure the surface and subsurface temperature, the gas production rates and relative abundances, the velocity of each species, and to monitor these quantities as a function of location and heliocentric distance.
In order to reach the comet, the Rosetta spacecraft needed gravitational assistance. This was achieved by three flybys of the Earth (March 2005 , November 2007 and 2009 ). In addition to the flybys, Rosetta encountered two asteroids for scientific investigation, Steins in September 2008 and Lutetia in July 2010. Data recorded during the asteroid flybys have been used to determine the physical properties of their surfaces and to provide an upper limit of their water production rate (Gulkis et al., 2010 (Gulkis et al., , 2012 . There was also one flyby of Mars (February 2007) , but due to limited resources, no data were recorded by the MIRO instrument.
Although the main goal of the Earth swing-bys was to modify the spacecraft trajectory, they also provided an opportunity to check the MIRO instrument. Large sets of atmospheric data have been acquired by Earth-orbiting instruments; some of these instruments operate in the same spectral region as MIRO. For instance, extensive analyses have been performed at 557 GHz by the Odin satellite using limb sounding (e.g., Urban et al., 2007) . The Aura EOS-MLS instrument has made similar measurements in the 183 GHz water vapor transition, as well as at sub-mm frequencies (e.g., around 640 GHz) to derive the composition of minor chemical species (Waters et al., 2006) . This wealth of data means that expected observational results at MIRO channels can be simulated with a large degree of confidence, which allows to check the consistency and quality of the MIRO data. Notice that, as far as we know, the MIRO data appear to be the only submillimeter high-resolution sounding of atmospheric H 2 O in the nadir mode.
The spectrum of the Earth in the 535-580 GHz range, as viewed from space, is dominated by the strong H 16 2 O ground state rotational water vapor line centered at 556.936 GHz. Its complex shape is a tracer of the thermal vertical profile and opacity profile throughout the atmosphere. Fig. 1 shows a set of temperature and water vapor vertical profiles inferred from Earth-orbit observations for different seasons and latitudes, together with the corresponding simulated spectra around the 557 GHz line observed at nadir. Beyond 2 GHz from the line center, the far wings probe the troposphere. The minimum temperature which appears at about 2 GHz from the center probes the temperature at the tropopause (between 10 and 15 km). The maximum temperature observed at 10-20 MHz from the line center probes the second maximum at about 50 km (stratopause). The central core, observed on the high-resolution spectrum, probes the mesosphere up to 80-85 km. Several minor species can be identified in the wings of the strong 556.9 GHz water vapor line, including the H 18 2 O transition at 547.6 GHz, also detected in the MIRO data. The changes in shape, both in the far wings and in the central core, are related to the different atmospheric conditions, and illustrate the potential of observations around this line to probe the terrestrial atmosphere. Notice that observations of Earth at submillimeter frequencies generally are sensitive not only to trace Fig. 1 . Typical temperature (top-left) and water vapor vertical profiles (top-right) inferred from Earth-orbit observations for different seasonal and latitudinal conditions (tropical (red), mid-latitude summer (cyan), mid-latitude winter (blue), sub-artic-summer (black), and sub-artic-winter (green)), and corresponding Rayleigh-Jeans brightness temperatures (RJBT) simulated by the radiative transfer code ARTS (bottom). The bottom figure also displays the species to be observed by MIRO, together with their line centre frequencies, and the position of the primary (yellow) and secondary (grey) bands of the receiver spectroscopic channels. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.) gases, but also to cloud ice particles (Jiménez et al., 2007) . However, this can be ignored here, since we are focusing on the upper parts of the atmosphere.
The present paper describes the analysis of the MIRO data recorded during the second Earth flyby in November 2007. Section 2 describes the instrument. The inversion methodology is discussed in Section 3. Section 4 presents the MIRO observations, the expected observational results, and a technical discussion of the observed differences. The retrieval of the temperature profile from the MIRO observations is detailed in Section 5. Finally, the conclusions are summarized in Section 6.
The MIRO instrument
The MIRO instrument consists of a telescope equipped with two heterodyne receivers. A full description can be found in Gulkis et al. (2007) . The primary mirror of the telescope is a 30 cm diameter offset parabolic antenna. The secondary mirror is an hyperboloid subreflector designed to provide very low sidelobes. The optical system, including a polarization grid as a frequency splitter, is designed to minimize alignment sensitivity to the large temperature range expected in the environment during the different phases of the mission (typically 100 K-300 K). The instrument has a total mass close to 20 kg and operates over a power range of 19-72 W.
The two heterodyne receivers operate at millimeter wavelengths (190 GHz, i.e., 1.6 mm) and sub-millimeter wavelengths (562 GHz, i.e., 0.5 mm), respectively. At 190 GHz, a single broadband continuum detector is designed for the determination of the brightness temperature of comet 64 P/CG and the asteroids observed during flybys. At 562 GHz, in addition to a broadband receiver, a high-resolution spectrometer allows the simultaneous observation of 8 Double Side Band (DSB) channels centered on the specific transitions of cometary gaseous species. The bandwidth of each channel is 20 MHz and the spectral resolution is 44 kHz, corresponding to a resolving power of about 10 7 . The molecular transitions are described in Table 1 , together with their line frequencies, the frequency position of the line in the receiver secondary band, and the assigned receiver channel number. The bandwidth of the spectral channel will allow observations over Doppler shifts of 5.4 km/s or 8 km/s with frequency switching. This will allow short spectral observations of the asteroids near closest approach, and measurements of low velocity molecular clouds. The very high spectral resolution is required to measure the line profiles of the cometary species which are Doppler broadened. For the water transition at 557 GHz, at 10 K, the full width at half-maximum of the Doppler-broadened line is 296 kHz. A resolving power higher than 2 Â 10 6 is thus required to resolve the line.
The sub-millimeter receiver operates both as a single broadband radiometer for continuum measurements, and as a spectroscopic receiver. The front end (Fig. 2) consists of a feed horn, a subharmonically pumped (SHP) mixer, a low-noise amplifier, a frequency doubler and a local oscillator. The DSB receiver is fixed tuned covering the 552-579.5 GHz frequency range to observe the MIRO target molecules, and uses a local oscillator (LO) frequency of 282 GHz (half the signal frequency) to down convert the signal frequency to the range 5.5-16.5 GHz, where the signal is amplified by a Low-Noise Amplifier (LNA) and fed to an Intermediate Frequency Processor (IFP). The SHP mixer uses a pair of GaAs Shottky diodes. The LO signal is provided by a Gunn oscillator phase-locked from a ultra high stability frequency reference oscillator (USO).
The phase-locked Gunn oscillator is designed to shift its frequency rapidly by 7 15 MHz from the center frequency thereby causing any observed spectral lines to shift their positions symmetrically by 715 MHz on either side of the nominal line frequency. The frequency is alternately switched 7 15 MHz every 5 s. A frequency switched spectral line is spaced 10 MHz apart in a differential spectrum constructed by subtracting (5 s) spectra made during the alternating 10 s switch cycle time. This mode of operation is known as frequency switching. The receiver can also be operated in a second mode, referred to as asteroid mode. Because encounter velocities are large, a given spectral line moves quickly through the MIRO passband as a result of the Doppler shift. In asteroid mode, the frequency switching is turned off, and the first local oscillator is offset by 5 MHz (plus or minus depending on the line under consideration) until closest approach. The LO is then switched in the opposite direction. This has the effect of increasing the effective passband of the spectrometer by 10 MHz.
The IFP is needed to process the IF output signal from the two front-ends. A schematic drawing of the IFP is shown in Fig. 3 . The continuum channels are shown at the top of the figure above the dashed line. The spectroscopic part of the IFP is shown below the dashed line. The submm wave signal is down converted by the SHP mixer to a first IF band of 5.5-16.5 GHz. Table 2 lists the observed lines along with the various frequencies associated with the IFP inside this range. A divider separates out the continuum band while the spectroscopic signal is further down converted for input to the spectrometer (frequency range of 180 MHz centered at Table 1 Description of the molecular transitions observed by MIRO, together with the band numbering of the MIRO double side band sub-mm receiver and the frequency center of the image bands. The frequencies are given in GHz. The sub-mm receiver also operates a continuum channel at 569.813 GHz with the image band at 555.813 GHz.
Species
Rotational transition 1.350 GHz). The IFP uses 3 oscillators along with 9 mixers (circles with crosses) and filters to produce 7 output bands (the LOs are used multiple times to save power). Nominally 20 MHz wide filters are used in the IFP before input to the spectrometer to eliminate excess noise but large enough for including the Doppler shifts. The output filters are indicated as FL1-FL7 on the right side of the figure. All filters contains one spectral line, apart from FL3, that contains 2 spectral lines. The seven filters are on the right-hand side of the figure, just before the Power Combiner. The IFP output filter used for each channel before the CTS is given in Table 2 . The high spectral resolution (10 7 ) is achieved by a 4096channel Chirp Transform Spectrometer (CTS, Hartogh and Hartmann , 1990) . The CTS is used to measure in real time the power spectrum of the 8 channels on 7 output bands of frequencies from the IFP with a resolution of 44 KHz each channel. The spectrometer output is a digitized power spectrum supplied to the Command and Data Handling System.
Inversion methodology

The inversion problem
Following the formalism of Rodgers (1990) , the observation forward model, F, can be linearized as
where y is the radiance vector, the vector x groups the parameters to be retrieved, the vector b contains the remaining parameters (defining the atmospheric state, radiative transfer calculations, and the sensor characteristics), x a and b a are respectively the best a priori knowledge of the state and forward model parameters, K x ¼ ∂y=∂x and K b ¼ ∂F=∂b are respectively the state and forward model parameter weighting functions, and ϵ refers to measurement errors not covered by b (typically the spectral thermal noise). The difference between retrieved,x, and true, x, parameters is called the retrieval error, δ, which can be expressed as
where A ¼ ∂x=∂x ¼ D y K x is the averaging kernels, and I represents the identity matrix. ðA−IÞðx−x a Þ, is called the smoothing error and originates as not all features of the true state can be resolved due to the always limited vertical resolution of the observations. D y ϵ, and D y K b ðb−b a Þ are called the measurement and forward model errors, respectively. They can be grouped together as D y e, where
The exact value of the error cannot be calculated because obviously neither x nor b will ever be known, but the observation uncertainty can be characterized as
where S b and S ϵ are the covariance matrices expressing the measurement and forward model parameters uncertainty. The retrieval error S δ can then be estimated as
where S m and S o are the contributions of the smoothing and observation errors, respectively, to the statistical description of the retrieval error, and S x is the covariance matrix characterizing the uncertainty in the retrieved parameters.
The inverse model
Concrete expressions for the retrieved parametersx and retrieval error S δ can only be derived by selecting a specific inverse model. A possibility is to derive first the a posteriori probability distribution function of the state to be retrieved given the measurement, and then selecting a retrieved state by maximising the a posteriori pdf. This is the so-called maximum a posteriori solution. If Gaussian statistics are assumed, maximising the a posteriori distribution is equivalent to minimising the function
expression commonly referred as the optimal estimation solution in the atmospheric literature (Rodgers, 1976) . It can be observed that this expression is a form of regularization with a trade-off parameter of statistical nature weighting the measurement uncertainty and the apriori knowledge of the parameter to be estimated. If the expression is minimized the solution is given by the implicit equation forx
with the state weighting function evaluated at ðx; b a Þ.
For non-linear inversion problems (as it is the case here), Eq. (6) has to be solved numerically. Gradient descent techniques are typically used. Here we will use the Marquardt-Levenberg algorithm
where H i is the Hessian matrix, second derivatives of fðxÞ evaluated at x i , γ is a parameter controlling a trade-off between a steepest descent (first iterations) and a Newtonian descent with faster convergence (when approaching the minimum), and g i is the first derivatives of fðxÞ evaluated atx i (Marks and Rodgers, 1993) . By calculating the first and second derivatives of fðxÞ, a step of the Marquardt-Levenberg iteration becomeŝ
where K i is the weighting functions matrix re-evaluated at each iterative state. Notice that γS À1 x is preferred here to the more usual γI from Eq. (7) to take into account the possible large range of values in the state vector (e.g., if species with very different absolute values are retrieved at the same time). Apart from the iterative method, criteria to halt the iteration is also needed. Here we will look at the difference ofx iþ1 −x i . As Gaussian statistics are assumed for the state vector, the variable ðx−xÞ T S −1 δ ðx−xÞ follows a χ 2 distribution of expected value n, where n is the length of the state vector. Close to the solution the differencex iþ1 −x i should be much smaller thanx−x, so the expected value of ðx iþ1 −x i Þ T S −1 δ ðx iþ1 −x i Þ should also be much smaller than n. Consequently a reasonable test for convergence is
stopping the iterations when, for instance, the above expression becomes one order of magnitude smaller than n.
Practical implementation
The Atmosphere Radiative Transfer Simulator (ARTS) Eriksson et al., 2011) is used here as the forward model introduced in Section 3.1. ARTS is a general software package for long wavelength radiative transfer simulations, including a rigorous treatment of scattering and full description of the polarization state (Davis et al., 2007) , and intended to be as general as possible in order to handle most of the existing Earth observation geometries from different ground, airborne, and satellite platforms. To support remote sensing applications, weighting functions can be calculated for the most important atmospheric variables in non-scattering conditions, and a comprehensive and efficient treatment of sensor characteristics is included (Eriksson et al., 2006) . ARTS is well validated by intercomparison studies with other radiative transfer models Melsheimer et al., 2005) and has been used in a range of different research areas related to thermal radiation in the Earth's atmosphere. In the context of an ongoing study financed by the European Space Agency, ARTS is currently being extended to handle atmospheres of other planets, specifically Mars, Venus, and Jupiter, besides Earth.
The choice of spectroscopic parameters can have some influence on retrieval results (e.g., Verdes et al., 2005) . ARTS can use some specialized spectral line catalogues, such as Perrin et al. (2005) , but for this study we used the HITRAN 2008 catalogue (Rothman et al., 2009) for the molecular lines, and Rosenkranz (1993) for the modeling of the H 2 O, O 2 , and N 2 continuum absorption. ARTS uses a lookup table approach to pre-calculate gas absorption . For broad-band calculations, this can be combined with an optimized method to select representative frequencies (Buehler et al., 2010) to speed up calculations even further. Different radiance units can be used in ARTS radiative transfer calculations (see, e.g., Eriksson et al., 2011) . ARTS is freely available, maintained as an open-source project, and comes with a collection of high level functions for interaction with ARTS. Part of this collection is a Matlab package called Qpack , dedicated to atmospheric retrieval work. Qpack is used here to practically implement the inverse model described in Section 3.2 and conduct the inversions of the MIRO observations. For more information about ARTS, related tools, and present range of applications, see www.sat.ltu.se/arts.
The MIRO observations
The details of the three Earth swing-bys and the MIRO operation mode are given in Table 3 . ESB1 data appear to be of poor quality, probably because of the large Doppler shift; ESB3 data were taken in the frequency-switch mode so that the continuum was removed. Therefore, we choose the ESB2 data acquired in asteroid mode for a comparison of observed and expected atmospheric spectrum.
The spectra obtained during the ESB2 flyby in the asteroid mode for the 8 MIRO spectroscopic channels are shown in Fig. 4 , together with some expected spectra from simulations with the radiative transfer code ARTS. Each spectrum has been averaged from the 112 individual spectra recorded during the Earth flyby 13 November 2007 between UTC 20:50-21:08. At that time Rosetta was overpassing the southern part of the Indian Ocean (from 62E-25S to 57E-100N). Notice that MIRO radiances are reported as Rayleigh-Jeans brightness temperatures, defined as
where ν is the frequency, c is the speed of light, k B is the Boltzmann constant, and I is the total power per unit frequency per unit area per solid angle measured by the instrument (Wm −2 Hz −1 sr −1 ). This unit is Fig. 4 . Simulated spectra at MIRO observing bands for three of the atmospheric conditions shown in Fig. 1 (subartic-winter (green) , mid-latitude winter (blue), and tropical (red)), together with the observed MIRO averaged spectra (black). The channel number, frequency of the line center, and targeted species are also given in the plot.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.) derived from the Rayleigh-Jeans approximation of the Planck function describing the energy a blackbody emits. Notice also that at the MIRO sub-millimetre frequencies the Rayleigh-Jeans brightness temperature is lower than the physical temperature (of the order of 10 K for the range of radiances measured by MIRO). Fig. 4 shows the H 16 2 O central core easily detected in absorption by MIRO. The simulated spectra corresponds to three of the atmospheres presented in Fig. 1 at nadir. Comparing the observed and the simulated averaged spectra shows large differences for some channels. For channels 1, 4, 6, and 7, the observed spectra are outside the range of expected brightness temperatures, and show spectral shapes that cannot be reproduced in the forward modeling of these bands. Notice for instance the nearly identical simulated radiances for channels 6 and 7 (expected as the lower and upper channel 6 sidebands fall onto the upper and lower channel 7 sidebands), but the different MIRO observed radiances. The channel 2 radiances are closer to the expected values, but the spectral shape is not as flat as the simulations suggest.
Inspection of the sequence of individually recorded spectra for the affected channels explained some of the observed spectral artifacts. Examples of individual spectra for channels 0, 4, and 7 are given in Fig. 5 . For instance, for channel 4 the spectra 1 and 61 have brightness temperatures as expected (around 210 K), but not the spectrum 112. These offsets observed in some of the spectra seem too large to be justified by changing temperature and water vapor conditions. In some occasions zero brightness temperatures and unrealistic brightness temperatures for these atmospheric observations (well above 300 K) are reported by the instrument. Both are visible in the channel 7 spectra of Fig. 5 .
The very large brightness temperatures only happened for channel 7 and are responsible for the unusual shape of its averaged spectrum at the end of the band.
These spectral artifacts suggested anomalies in the operations of the radiometer at the time of the EBS2 flyby, and prompted an investigation that confirmed that high level fluctuation anomalies can be detected on these channels. These four channels correspond to the FL4, FL2, and FL3 output filters of the IFP (see the IFP schematic in Fig. 3 and the down-converted frequencies in Table 2 ). Their filter outputs are located on the upper part (except for FL1) of the spectroscopic channel scheme of the IFP. This is consistent with the electronic parts in between the IFP IF power divider PS5 and the output power combiner. The more suspicious component common to the three fluctuating outputs is the A3 IF amplifier, which could be having higher noise or gain variations than expected.
Looking at the noise fluctuation on all channels in Fig. 4 , large differences between the good and the anomalous channels are not observed. This has been confirmed by the analysis of Kamp (2012) : the theoretical noise fluctuation for an average system temperature of 8000 K and a bandwidth of 44 kHz for 5 s integration time is 13.9 K, while the measured noise is in the 12.8-17.7 K range over all the spectral channels. This confirms that the anomalous bands are not significantly different from the good ones in either their mean band average or the spectral noise. In conclusion, the noise fluctuation values are in reasonable agreement with the expected standard deviation from the noise formula, 13.9 K, and do not explain the bigger anomalies seen on the four channel observations. Therefore, there is a strong possibility that the anomalous Fig. 6 . Channel gains computed using the cold load as reference for the Lutetia operations (from Kamp, 2012) . The gain is defined as the difference between the warm load raw counts and those of the spectrum used as the cold reference, divided by the temperature difference.
behavior of these bands is due to gain instabilities in amplifier A3, which cause occasional large fluctuations in their signal.
Further instrumental tests are pointing out in this direction. For instance, the channel gains have been computed using the cold load during the Lutetia asteroid flyby (Gulkis et al., 2012) and are reported in Fig. 6 . It can be seen that the averaged computed gains for the four anomalous channels are consistently lower than for the remaining ones, and that the behavior of the four anomalous bands is highly correlated. This is particularly noticeable in the data from the Lutetia flyby and seems to confirm that the A3 amplifier unstable gain is responsible for the anomalous behavior. The data from the Steins asteroid encounter (Gulkis et al., 2010) have also been analyzed. The band averages for this flyby are displayed in Fig. 7 . It can be seen that the signal from the asteroid, which is clearly visible in the good bands, is also visible in the four anomalous ones, although in the latter it is obscured, probably by the likely amplifier unstabilities.
So far the technical investigations have concentrated in the A3 amplifier, as its anomalous behavior can explain a large part of the unexpected variations in the observed spectra. Nevertheless, some of the other artifact, such as the unrealistic brightness temperatures output by the instrument at some occasions, may originate from other components and further technical investigations are currently in progress.
Inversions of MIRO observations
Inversion strategy
The state weighting functions K x are first analyzed to see the potential of the spectroscopic MIRO channels to sound the atmosphere. Fig. 8 shows the weighting functions for the atmospheric temperature and the water vapor content at selected frequencies for the different channels. Compared with typical weighting functions from atmospheric nadir sounders, there are not optimal in several ways. For instance, they do not cover all altitudes (see the absence of channels with sensitivity to the thermal emission at altitudes around 25 and 40 km). The DSB receiver also implies that all channels show sensitivity to the emission in the troposphere (at ∼10 km) due to the contribution from the image band (see the image band center frequencies in Table 1 ). Although this can be useful in some cases (e.g., the weighting function for channel 5 adds some sensitivity at around 30 km due to an image band falling at ∼130 MHz of the 557 GHz line), in general this complicates the inversion problem due to the contribution of thermal emission from two different altitudes for each channel. Of course, it should be remembered that the placement of MIRO channels is optimized for cometary observations, not to sound the terrestrial atmosphere.
As the weighting function shows, the thermal emission from the 557 GHz line at different altitudes depends both on the thermal profile and on the water vapor content. A retrieval of both profiles is in principle possible, but at the cost of a more uncertain inversion problem as the same information content is used to derive two quantities. In practice it is more common to retrieve the temperature from a dedicated observing instrumental channel (e.g., as in von Engeln et al., 1998 around the 60 GHz O 2 transition, where the O 2 atmospheric composition is fixed and the observed spectra depends only on the thermal profile), and then using the retrieved temperature as input of an inversion solely dedicated to retrieve the atmospheric species of interest. Here the objective is to evaluate the observed MIRO spectra, rather than retrieving a specific atmospheric parameter, so we choose the following evaluation strategy: (1) to acquire a relatively accurate water vapor profile from an Earth observing instrument; (2) to use Fig. 7 . Band averages (using the standard performance-monitoring bands) for the raw asteroid-mode CTS data for the Steins encounter (from Kamp, 2012) . the MIRO spectral information to retrieve the temperature profile, having the water vapor profile as input to the inversion, and; (3) to compare the retrieved temperature with the expected atmospheric temperature. The EOS-MLS microwave limb sounder (Waters et al., 2006) is selected here as the satellite instrument to observe the Earth atmosphere. EOS-MLS retrieves temperature from the 118 GHz line, with precisions ranging from ∼1 K in the lower stratosphere to ∼2:5 K in the mesosphere (Schwartz and et al., 2008) . The main water vapor product comes from inversions of the 183 GHz line, with precisions of ∼0:2 to ∼0:3 ppmv in the stratosphere and ∼0:4 to ∼1:1 ppmv in the mesosphere (Lambert and et al., 2007) . "Precision" here refers to the diagonal elements of the measurement error covariance matrix S ϵ (i.e., it mostly characterizes the propagation of radiometric noise into a retrieval error).
Inversion of simulated spectra
The observation system (i.e., the system formed by a concrete instrument and a specific inversion model) is tested first by inverting simulated spectra corresponding to the retrieved EOS-MLS atmosphere for the day of the ESB2 flyby. The EOS-MLS atmosphere is constructed by averaging the profiles from overpasses close to the MIRO ground path during the day of the flyby. The retrieval is carried out by iteratively applying Eq. (8), as described in Section 3.2. The a priori temperature profile x a is taken from the mid-latitude winter atmosphere shown in Fig. 1 , and the temperature uncertainty setup as a covariance matrix S x with a standard deviation of 5 K and linear correlation lengths between ∼1:5 km (lower stratosphere) and ∼8:0 km (mesosphere) (see, e.g., Eriksson and Chen , 2002) . The measurement error S e is setup as a diagonal matrix with a radiometric noise of 1 K, to approximate the radiometric noise of the ESB2 averaged spectra. Fig. 9 shows the retrieved profiles when inverting all MIRO spectroscopic channels, only the channels 0-3-5, and only with channel 0. The retrieved profile for all channels is quite close to the "true" profile (i.e., the temperature used simulating the spectra to be inverted) in between ∼50 and ∼80 km, and again close to the "true" temperature at ∼30 km. This is the expected behavior based on the sensitivity to the thermal profile displayed by the weighting functions. Also as expected the retrieved profile by inverting only channels 0-3-5 is nearly identical to the profile from using all channels; the weighting functions for the missing channels only show sensitivity in the troposphere. In that sense, avoiding the use of the MIRO channels with anomalies do not have an impact on the retrieval of the terrestrial atmospheric temperature. For completion the profile retrieved when using only channel 0 is also displayed. In this situation there is no sensitivity to the thermal profile below ∼50 km, and the retrieved profile is similar to the a priori profile for the altitudes below.
Inversion of ESB2 spectra
For the inversions of MIRO observed data, we use channels 0-3-5. The inversion setup is as before. The retrieval characterization is shown in Fig. 10 . The averaging kernels A are displayed for selected altitudes. They peak at the right altitudes between ∼50 and ∼85 km, assuring that for that range most of the retrieved information comes from the right altitude. The Full-Width-at-Half-Maximum (FWHM) of the averaging kernels is also plotted. In the atmospheric literature this quantity is used to report the retrieval vertical resolution. For the MIRO observations it is ∼10 km. For comparison the EOS-MLS temperature FWHM at ∼50 km is 8 km, although at lower altitudes it can go as low as ∼4 km, helped by the limb sounding observation geometry. The retrieval error is plotted in the last panel. The square root of the diagonal of the error matrices S ϵ , S m , and S δ described in Section 3.1 are given. The precision (as defined for EOS-MLS) of this MIRO temperature measurements in the mesosphere is ∼0:5 K. The total observation error in the mesosphere is ∼1 K, but notice that this is likely to be an underestimation as other possible instrument related errors (apart from the radiometric noise) have not been characterized. For instance, for limb sounding observations Lossow et al. (2007) showed that instrumental errors (e.g., uncertainty on the radiometric calibration or side band filtering) can also contribute to the temperature retrieval error from the 557 GHz line.
The temperature retrieval is shown in Fig. 11 . The MIRO retrieved profile clearly moves away form the a priori temperature and gets very close to the EOS-MLS temperature between ∼50 and ∼85 km. As we saw with the inversions of simulated spectra, at lower altitudes the MIRO retrieval mimic the a priori (no sensitivity to the thermal profiles), to get close again to the EOS-MLS profile at ∼30 km (channel 5 adds sensitivity through the image band). To illustrate the variability of the atmospheric temperature, a profile from similarly averaging EOS-MLS observations but from half a year before is also displayed. The spectral residuals (difference between observed spectra and the spectra corresponding to the retrieved atmosphere) are given in Fig. 12 . The fitting for channel 0 is reasonable, although some asymmetry around the 557 GHz line (compared with the spectra simulated by ARTS) is visible. For channels 3 and 5 slopes in the observed spectra are also present and cannot be replicated by the radiative transfer simulation. We could speculate that the origin of those differences is instrumental artifacts, but no further conclusions can be derived from just inverting one set of spectra. Fig. 4 shows that atmospheric emission/absorption from H 17 2 O, H 17 2 O, and CO is expected in channels 1, 3, and 4, respectively. Different Earth observing instruments also target these species. For instance, at microwave wavelengths EOS-MLS measures CO at 230.53 GHz , and Odin-SMR measures H 18 2 O at 547.67 GHz (Zelinger et al., 2006) . In comparison, the lines observed by MIRO are weaker and, being very close to the strong 557 H 2 O transition, their expected contribution to the total spectral radiances is very small, as shown in Fig. 4 . A possible detection is further complicated by the suspected instrumental artifacts. This can be noticed in the spectral fit of the H 18 2 O line in Fig. 12 , where the tilt of the spectrum results in brightness temperature variations from one side of the band to the other Fig. 9 . Temperature retrieval from simulated spectra. Plotted the retrieved temperature when inverting all MIRO channels (blue), channels 0-3-5 (cyan), and channel 0 (red), the temperature profile used to simulate the MIRO spectra (black), and the a priori temperature profile used in the inversions (green). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.) Fig. 10 . Temperature retrieval characterization (inverting channels 0-3-5). Plotted the averaging kernels at selected altitudes (left), the full width at half maximum (middle), and the retrieval error (right, measurement error in red, smoothing error in green, and total observation error in black). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.) side as large as the variations simulated by ARTS for this line. Nevertheless, a detection has been attempted by a dedicated onechannel inversion for each of these 3 channels. The EOS-MLS averaged atmosphere for the MIRO flyby is used as a priori atmosphere for the inversions, and only the relevant species profile and a first-order polynomial fit are retrieved during the inversions. The temperature and/or water vapor are not retrieved as before as these channels considered in isolation have very limited sensitivity. This means that the polynomial fit will try to capture the instrumental artifacts of the spectrum, but also any other deviations between observed and simulated spectrum arising from differences in the "true" and the EOS-MLS atmosphere. The spectral fits are shown in Fig. 13 . Once the slope of the spectrum is removed by the polynomial fit, the observed shape of the H 18 2 O agrees well with the simulated line. The agreement is not so good for the H 17 2 O and CO lines, although there is some consistency in the shapes of observed and simulated spectra. It should be remembered that these last two channels are affected by the suspected gain instabilities of amplifier A3, making the detection more difficult than for H 18 2 O. Higher order polynomial fits have been tried for CO and H 17 2 O (results not shown) to see if the could better capture the instrumental artifacts, but no conclusive results have been obtained.
Conclusions
Sub-millimeter spectra recorded by the MIRO sounder aboard the Rosetta spacecraft have been used at the time of an Earth flyby (November 2007) to check the consistency and validity of the instrumental data. High-resolution spectroscopic data were recorded in 8 channels in the vicinity of the strong water line at 557 GHz, and in a broad band continuum channel at 570 GHz.
An atmospheric radiative transfer code (ARTS) and standard terrestrial atmospheres have been used to simulate the expected observational results. Comparison of these simulated spectra with the MIRO observations showed that the receiver channels dedicated to observe the H 17 2 O, CO, NH 3 , and CH 3 OH(M1) do not behave as expected. This prompted a review of the inflight technical data for the different flybys, which has confirmed technical anomalies in those four channels. A technical investigation identified the A3 amplifier of Fig. 11 . Temperature retrieval from MIRO channels 0-3-5 observed spectra. Plotted the retrieved temperature (blue), the temperature retrieved from coincident EOS-MLS observations during the same day (black), and half a year before (red), and the a priori temperature profile used in the retrieval (green). For the EOS-MLS temperatures the solid line gives the mean temperature profile, and the dashed line 7one standard deviation around the mean (over the retrievals close to the MIRO flyby ground track). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.) Fig. 12 . Spectral fitting of the observations from the temperature retrieval of Fig. 11 . Plotted the observed (black) and the fitted (red) spectra, and the difference (green, with the solid black line as zero reference), for receiver channels 0 (left), 3 (middle), and 5 (right). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.) the Intermediate Frequency Processor as probably responsible for a large part of the unexpected behavior. Issues with the noise figures of the amplifier have been ruled out; the noise observed in the observations seems nominal and not different from the noise in the channels behaving as expected. On the contrary, relatively large gain variations have been observed for the anomalous channels; this points out to gain instabilities of the A3 amplifier.
The spectrum from the remaining channels has been further analysed for a retrieval of the atmospheric temperature profile. An optimal estimation inverse model has been implemented by using the atmospheric retrieval tool Qpack. Simulated spectrum has been inverted to illustrate the capability of the MIRO observations to probe the atmospheric thermal profile. Limitations in term of sounding altitude due to the frequency selection of the spectroscopic channels were identified by an analysis of the observations weighting functions, and were also apparent in the retrieved profiles. This was to be expected as MIRO is not optimized for Earth atmospheric sounding, but for cometary studies. The MIRO observations were inverted with the same retrieval setup and compared with the retrieved temperature from the Earth observing instrument EOS-MLS. The MIRO retrieved profile compared well with the retrieved temperature from the 118 GHz observations from EOS-MLS, suggesting a reasonable behavior for the channels not showing clear anomalies. This is further supported by the detection of the much weaker H 18 2 O line (compared with the H 2 O line) in one of these channels from a dedicated inversion that included a polynomial fit to remove suspected spectral artefacts.
Physical signals had already been observed during the Steins encounter in the channels suffering anomalies, so these channels are not ruled out for the main mission objective of observing comet 64/P Churyumov Gerasimenko in 2014. Technical solutions to compensate for the anomalous behavior in the affected channels are currently under investigation, and include techniques such as more frequent calibration sequences to assure that the affected channels will still be useful for cometary observations. Once the observations proceed, the quality of these channels can be re-evaluated by checking the consistency in the data gathered from the three CH 3 OH channels, and in the three H 2 O channels. In the case of CH 3 OH, the M2 and M3 transitions correspond to channels not associated with the A3 amplifier, contrary to the M1 transition. The intensity of the M1 line is intermediate between the ones of the M2 and M3 transitions. Unfortunately, all transitions are weak, and a comparison of the three signals may not be possible at the time of the lander delivery (at an heliocentric distance of 3 AU), and may be used only in the second part of the mission, when the comet approaches perihelion. A comparison of the signal in the three water channels is expected to be more sensitive. Both H 16 2 O and H 18 2 O correspond to channels not associated with the A3 amplifier, contrary to the H 17 2 O channel. Numerical simulations (N. Biver, personal communication) show that the weakest water transition H 17 2 O is expected to be stronger than the weakest CH 3 OH line (M3), and the comparison of the three water lines could be possible before the time of lander delivery.
